Membrane association with mother centriole (M-centriole) distal appendages is critical for ciliogenesis initiation. How the Rab GTPase Rab11-Rab8 cascade functions in early ciliary membrane assembly is unknown. Here, we show that the membrane shaping proteins EHD1 and EHD3, in association with the Rab11-Rab8 cascade, function in early ciliogenesis. EHD1 and EHD3 localize to preciliary membranes and the ciliary pocket. EHD-dependent membrane tubulation is essential for ciliary vesicle formation from smaller distal appendage vesicles (DAVs). Importantly, this step functions in M-centriole to basal body transformation and recruitment of transition zone proteins and IFT20. SNAP29, a SNARE membrane fusion regulator and EHD1-binding protein, is also required for DAV-mediated ciliary vesicle assembly. Interestingly, only after ciliary vesicle assembly is Rab8 activated for ciliary growth. Our studies uncover molecular mechanisms informing a previously uncharacterized ciliogenesis step, whereby EHD1 and EHD3 reorganize the M-centriole and associated DAVs before coordinated ciliary membrane and axoneme growth.
advanced microscopy imaging approaches, we dynamically observed the recruitment of proteins essential for early ciliogenesis processes. Moreover, depletion of EHD proteins sheds light on a previously uncharacterized but required step in ciliogenesis. Our data suggest a model in which EHD1 and EHD3 coordinate critical steps at the onset of ciliogenesis.
RESULTS
EHD1 and EHD3 function in ciliogenesis and localize to the ciliary pocket membrane Because EHD1 and EHD3 have been linked to both Rab11 and Rab8 membrane compartments 19 , we tested their role in ciliogenesis. Short interfering RNA (siRNA)-mediated knockdown of EHD1, but not EHD2-4, impaired ciliation in hTERT-RPE (RPE) cells (Fig. 1a,b and Supplementary Fig. 1a-c) . Importantly, an siRNA resistant form (Res) of GFP-EHD1 or GFP-EHD3 but not GFP (green fluorescent protein), GFP-EHD2 or GFP-EHD4 rescued ciliation ( Fig. 1c and Supplementary Fig. 1d-f ), suggesting that EHD1 and EHD3 function in ciliogenesis. Interestingly, only GFP-EHD1 and GFP-EHD3 were detected in the proximal ciliary region ( Fig. 1d and Supplementary  Fig. 1d ). Endogenous EHD1 was also detected in the proximal ciliary region in 30 ± 5% (±s.d.) of cells (n = 162, pooled from three experiments) and did not completely overlap with ciliary Smo-tRFP, where Smo is Smoothened and tRFP is red fluorescent protein TagRFP, or GFP-Rab8a ( Supplementary Fig. 1g,h) . Overexpressed GFP-EHD3 co-localizes with EHD1 in this region ( Supplementary Fig. 1g ). Immunoblotting of RPE cell lysates revealed that EHD1 levels were more than five times higher than those of EHD3 ( Fig. 1e ), indicating that EHD3 may be dispensable for RPE cell ciliogenesis. In IMCD3 cells, EHD1 and EHD3 had similar expression levels ( Fig. 1e ) and were both required for ciliogenesis ( Fig. 1f,g) . GFP-fused EHD1 and EHD3 were detected in the proximal ciliary region in 8 ± 2% (±s.d., n = 164, pooled from two experiments) and 8 ± 4% (±s.d., n = 152, pooled from two experiments) respectively ( Supplementary Fig. 1i ).
We investigated EHD protein ciliary localization using correlative light and electron microscopy (CLEM), immuno-electron microscopy (EM) and super-resolution structured illumination microscopy (SIM), and demonstrated that EHD1 and EHD3 are primarily localized to the ciliary pocket membrane, unlike Rab8 and Smo, largely present in the ciliary membrane ( Fig. 1h-j and Supplementary  Fig. 1j,k) . Furthermore, EHD1 localization did not overlap with Inversin ( Supplementary Fig. 1l ), a proximal intra-ciliary marker 27 . The localization of EHD1 and EHD3 in IMCD3 cells is consistent with lower levels of ciliary pockets reported in these cells when compared with RPE cells, which could point to different ciliogenesis mechanisms 28 . Together, our results indicate that EHD1 and EHD3 are important for ciliogenesis and localize to the ciliary pocket membrane.
Requirements for Ehd1 and Ehd3 in ciliogenesis during development in zebrafish
We investigated the ciliogenesis function of EHD proteins in zebrafish embryos. Zebrafish have five ehd homologues: ehd1a, ehd1b, ehd2a, ehd2b and ehd3. ehd1a and 1b (89% identity) are closely related to human EHD1 (85% and 87% respectively), and ehd3 is 93% identical to human EHD3. Combination of ehd1(a+b) morpholino oligonucleotides (MOs) gave synergistic effects, whereas the triple knockdown with ehd3 MO had 70 ± 6% lethality (±s.d., n > 150, from three experiments). As was observed in mammalian cells, hEHD1 and hEHD3 rescued phenotypes observed in ehd3 and ehd1 morphants, unlike hEHD4 ( Fig. 2b,d,f and Supplementary Fig. 2a ). Histological and EM analysis in ehd1 and ehd3 morphants revealed a failure to form photoreceptor cilia/outer segments (Fig. 2b,c ), suggesting that both proteins are important for photoreceptor ciliogenesis, similar to IMCD3 cell requirements. However, in other tissues, requirements for Ehd proteins varied. Ehd1, but not Ehd3, was required for kinocilium formation in otic vesicles (Fig. 2d,e ). Similarly, Ehd1 was essential for neuromast ciliation, whereas ehd3 morphants showed a partial reduction in kinocilia (Fig. 2f,g and Supplementary Fig. 2b ). Consistent with these results, Ehd1 and Ehd3 were expressed in photoreceptors and neuromasts, whereas only Ehd1 and not Ehd3 was expressed in otic vesicles during embryonic development ( Fig. 2h and Supplementary Fig. 2c-e ). In these tissues, Ehd1 and Ehd3 localized to puncta throughout the cell, with some protein detected at or close to the ciliary base. Together, these results indicate that Ehd1 and Ehd3 have overlapping, albeit tissue-specific, functions in ciliogenesis in zebrafish embryos.
EHD1 localizes to preciliary membranes but is dispensable for their centrosomal trafficking
Next, we investigated EHD1 association with Rab11-dependent preciliary vesicle transport of Rabin8. EHD1 co-localizes with GFP-Rabin8 vesicles following serum starvation, but not in the presence of serum (Fig. 3a) . Moreover, in contrast to Rab11 requirements 15 , depletion of EHD1 did not affect GFP-Rabin8 centrosomal accumulation ( Fig. 3b ), suggesting that EHD1 is associated with preciliary vesicles but is not required for their centrosomal trafficking. We carried out live imaging on GFP-EHD1 and tRFP-Rab8a expressing RPE cells and determined that EHD1 and Rab8 associate with developing cilia ( Fig. 3c and Supplementary  Fig. 3 and Supplementary Video 1). Remarkably, GFP-EHD1 was detected at a site in the cell that later accumulated tRFP-Rab8a and extended ciliary structures, suggesting that EHD1 accumulates at M-centriole-associated membranes before Rab8. Additionally, Smo-tRFP, a ciliary receptor marking early cilium membrane structures 6 , localized to developing cilia about the same time as GFP-EHD1 ( Fig. 3d and Supplementary Video 2) and before GFP-Rab8 ( Fig. 3e and Supplementary Video 3), suggesting that EHD1 and Smo occupy the same preciliary vesicles. Similarly, the constitutive active SmoM2 mutant localized to the M-centriole following serum starvation, and its trafficking was not affected by EHD1 or Rab8 depletion (Fig. 3f ), indicating that SmoM2 M-centriole transport is independent of these proteins. Furthermore, SmoM2-GFP and EHD1 co-localize at the centrosome in the absence of Rab8 (Fig. 3g ). Together, these results indicate that EHD1 functions upstream of Rab8 in ciliogenesis.
EHD1 is required for small distal appendage vesicle assembly into the CV, whereas Rab8 functions in CV extension RPE cells use an intracellular ciliogenesis pathway with formation of the CV as a critical step 5 . To investigate EHD1 function in this pathway, we carried out EM studies on serum-starved EHD1-depleted cells (Fig. 4a ). Strikingly, the majority (68%) of the non-ciliated cells had small ∼40-60 nm diameter vesicles associated with the U n t r a n s f e c t e d Anti-EHD3 Supplementary Table 1 ). (b) Ciliation quantification in 72 h siRNA treated RPE cells (EHD1 siRNA no 2, EHD2 siRNA no 1, EHD3 siRNA no 1, EHD4 siRNA no 1), with 24 h serum starvation, followed by staining with acetylated α-tubulin ( Ac tub) and pericentrin (PCNT) antibodies. Means ± s.e.m. from n = 3 independent experiments are shown (>100 cells per treatment). Two tailed t-test analysis, compared with control siRNA. (c) Quantification of ciliation in RPE cells siRNA treated for 6 h, followed by transfection with plasmids encoding ResGFP-EHD proteins or GFP. At 48 h post-transfection, cells were serum starved and stained as in b. Means ± s.e.m. from n = 3 independent experiments are shown (>50 cells per condition). Two tailed t-test analysis, compared with EHD1 siRNA ResGFP-EHD1. (d) Localization of transiently expressing GFP-EHD proteins in RPE cells after 24 h serum starvation and staining as in b; a deconvolved single xy-plane from the epifluorescence stack is shown. Scale bar, 5 µm. (e) Western analysis comparing EHD1 and EHD3 expression in cell lines transiently expressing GFP-EHD1 or GFP-EHD3. (f) Western analysis of EHD protein depletion in IMCD3 cells treated with siRNA for 72 h. (g) Quantification of ciliation in IMCD3 cells treated with siRNAs for 72 h, and where indicated rescued with human GFP-EHD proteins and stained as in a-c. Means ± s.e.m. from n = 3 independent experiments are shown (>300 cells per condition). Two tailed t-test analysis, compared with control siRNA or Ehd(1+3)mus siRNA. (h) Immuno-electron micrograph of RPE cells expressing GFP-EHD1 stained with anti-GFP antibody. 10 nm gold particles accumulate on the ciliary pocket (CP) membrane. Insets: magnifications of regions 1 and 2. Ax, axoneme; BB, basal body. Scale bar, 500 nm. (i,j) SIM imaging of 24 h serum starved RPE cells transiently expressing Smo-tRFP stained with anti-EHD1 antibody (i) or transiently expressing GFP-EHD3 (j). Middle panels show fluorescence profile plots and lower panels show orthogonal views of the dotted line region. Representative image of more than ten cilia. Scale bar, 500 nm. * * * P < 0.0001, * P < 0.05. Uncropped blots are shown in Supplementary Fig. 6 . Statistics source data for b,c and g can be found in Supplementary Table 2 . Supplementary Fig. 2b ). Pooled data across three independent experiments are shown in d and f. M-centriole distal appendages (Fig. 4a,b and Supplementary Fig. 4a ), that we called distal appendage vesicles (DAVs). CVs were detected in 16% of EHD1 knockdown cells. By comparison, DAVs were detected in 13% of control-siRNA-treated unstarved cells, and 81% had no detectable membranes at the distal appendages, suggesting that DAVs are the precursor membranes for the CV. In contrast to EHD1-depleted cells, 63% of Rab8 siRNA-treated unciliated cells had CV structures, whereas only 28% had DAVs (Fig. 4a,b and Supplementary Fig. 4a ). Combined with our live imaging studies, these results suggest that EHD1 and Rab8 regulate different steps in ciliogenesis, with EHD1 important for CV formation and Rab8 functioning in CV extension.
A R T I C L E S
SIM imaging has been used to resolve the structure of CEP164, a distal appendage protein forming a ring ∼300 nm in diameter at the distal end of the M-centriole 29 . We carried out SIM on SmoM2-GFP expressing RPE cells to attempt to resolve preciliary membrane assembly steps at the M-centriole distal end ( Fig. 4c-e ). In serum-fed cells depleted of EHD1, SmoM2-GFP did not co-localize with the CEP164 ring, although SmoM2-GFP and Rab11 partially co-localized on pericentriolar vesicles ( Fig. 4c ). However, in serumstarved EHD1-depleted cells, SmoM2-GFP vesicles were detected at the CEP164 ring and partially co-localized with Rab11 both at the distal appendages and in the pericentriolar region ( Fig. 4d ). From our EM studies, the SmoM2-GFP vesicles are probably DAVs. In contrast, in Rab8-depleted cells SIM showed a single large structure at the M-centriole distal end, which is probably a CV ( Fig. 4e ). On the basis of our previous work 15 examining ciliogenesis initiation following serum withdrawal, we looked for DAVs similar to those observed in EHD1-depleted cells using SIM ( Fig. 4d ,f). Following 3 h starvation, we observed Smo-GFP in the pericentriolar region and on DAVs that co-localized with EHD1, supporting an association of EHD1 with preciliary vesicles and DAVs (Fig. 4f ).
Because intracellular ciliogenesis has been observed in mouse photoreceptors 30 , we tested Ehd1 and Ehd3 ciliogenesis function in zebrafish photoreceptors. Consistent with our human cell data, in ehd1 and ehd3 double morphants, DAVs were frequently observed on the M-centriole distal appendages, whereas in rab8a morphants, the majority of non-ciliated M-centrioles had CVs (Fig. 4g,h and Supplementary Fig. 4b ). Interestingly, Ehd proteins were detected near the centrioles before outer segment formation at 50 hpf (hours post-fertilization) ( Fig. 4i ). Together, our results in human RPE cells and zebrafish photoreceptors support a model wherein EHD1 is recruited on preciliary vesicles to the M-centriole to function in CV assembly from DAVs, whereas Rab8 is associated with post-CV ciliogenesis processes.
EHD1-dependent CV formation is required for recruitment of TZ proteins and IFT20
To study the relationship between DAV docking, CV assembly steps and other ciliogenesis processes, we examined recruitment of TZ proteins and IFT proteins. We discovered that EHD1 was required for the recruitment of TZ proteins CEP290, RPGRIP1L, TMEM67 and B9D2-GFP to the M-centriole distal region, whereas Rab8 seemed to be dispensable ( Fig. 5a-d ). We further confirmed that preciliary membranes accumulated at the M-centriole before TZ protein recruitment by live cell imaging of B9D2-GFP and Smo-tRFP ( Fig. 5e ), and another ciliary receptor 5-HT6-tRFP ( Supplementary  Fig. 5 ). B9D2-GFP also localized to the developing cilium before Rab8a (Fig. 5f ). IFT20, a protein known to localize to the Golgi, centrosome and cilia, is thought to be important for CV formation 6, 31 . Similarly to TZ proteins, IFT20 accumulation at the M-centriole was strongly blocked in EHD1-but not Rab8-depleted cells (Fig. 5g ). Furthermore, IFT20-GFP accumulated at the M-centriole after
Smo-tRFP recruitment ( Fig. 5h and Supplementary Video 4), but before Rab8 localization ( Fig. 5i and Supplementary Video 5). IFT20 basal body enrichment coincided with B9D2 recruitment (Fig. 5j) . Therefore, our studies suggest that EHD1-dependent CV assembly function is required before IFT20 and TZ protein recruitment, whereas Rab8 targets to the CV following these steps.
EHD1 is required for CP110 loss from the distal end of the M-centriole Because CP110 loss from the M-centriole is required for basal body formation and precedes axoneme growth 32 , we examined its relationship with EHD1-dependent CV assembly. Rab8 seems to be dispensable for CP110 loss, with ∼70% of cells having only daughter centriolar CP110. In contrast, in EHD1-depleted cells 80% of cells had CP110 localized to both centrioles ( Fig. 6a,b ). To further demonstrate requirements for DAV membranes in CP110 loss during ciliogenesis, we investigated this process in live cells using preciliary membrane markers. We observed 5-HT6-tRFP membranes accumulating at the M-centriole followed by the loss of GFP-CP110 a few minutes later ( Fig. 6c ). Thus, these results indicate that CP110 loss from the Mcentriole occurs after DAV docking to the M-centriole and before CV assembly.
EHD1 membrane tubulation function is required for CV formation
Because EHD1-dependent CV assembly is critical for ciliogenesis initiation, we wanted to determine how EHD1 regulates DAV reorganization. We examined the ability of specific EHD1 loss-of-function mutations to rescue ciliation in RPE cells depleted of endogenous EHD1. EH domain mutants specifically affecting either NPF-substrate binding and membrane recruitment (W485A) or tubulo-vesicular (K483E) membrane functions failed to rescue when compared with the wildtype siRNA resistant protein 33, 34 (Fig. 7a-c) . Importantly, neither mutant protein accumulated significantly in the ciliary pocket ( Fig. 7d ). Remarkably, using SIM we found that the GFP-K483E mutant localized to structures near the distal appendages when endogenous EHD1 was depleted following starvation ( Fig. 7e ). Furthermore, CP110 removal failed in K483E expressing cells ( Fig. 7f ). Together, these results indicate that the EHD1 K483 membrane tubulation function is critical for DAV assembly into the CV and M-centriole reorganization.
EHD1 is required for the fusion of DAVs into the CV
On the basis of our findings for EHD1 and EHD3 functioning in CV assembly from DAVs, we predicted that the SNARE membrane fusion machinery would play a critical role in early ciliogenesis. Because the SNARE protein SNAP29 directly interacts with EHD1 and EHD3 (ref. 26) , we tested its function in ciliogenesis. Consistent with the EHD-SNAP29 interaction, SNAP29 co-localized with EHD1 in the ciliary pocket and was required for ciliogenesis in RPE cells ( Fig. 8a-c) . Depletion of SNAP29 also did not affect GFP-Rabin8 preciliary trafficking, or SmoM2-GFP recruitment to the M-centriole ( Fig. 8d,e ). As was observed with EHD1, SNAP29 co-localized with SmoM2-GFP on DAV-like membranes in 3 h starved cells ( Fig. 8f,g) . Interestingly, SNAP29 failed to co-localize with SmoM2-GFP at the M-centriole distal end following EHD1 depletion (24 h starved) when compared with 3 h starved control-siRNA-treated cells, whereas 
Merge * * * * * * * * * * * , RPE GFP-Rab8a cells transiently expressing IFT20-tRFP (i) and RPE B9D2-GFP cells transiently expressing IFT20-tRFP (j) were imaged and analysed as described in e. Scale bars, 2 µm. Note that e, f and h-j are representative image series of more than five cilium assembly events observed. * P < 0.05, * * P < 0.001, * * * P < 0.0001. Statistics source data for a-d and g can be found in Supplementary Table 2 . SNAP29 was dispensable for EHD1 recruitment to early ciliary membranes (Fig. 8g ). Given these findings and the requirement for EHD1 and EHD3 tubulation function in CV assembly, we theorized that EHD proteins recruit SNAP29 to DAVs where the SNARE functions in fusion of tubulated DAVs.
DISCUSSION
In the intracellular ciliogenesis pathway, the ciliary membrane is thought to arise from a CV that is reshaped into a membrane sheath around the developing axoneme. However, the molecular details governing this process remained unresolved. On the basis of Rabin8 preciliary vesicle transport observed following cues to ciliate 15 , we reasoned that the recruitment of smaller preciliary vesicles to the M-centriole would be followed by fusion into a larger CV. Here, we describe a role for EHD1 and EHD3, regulators of Rab compartments, in early primary cilium assembly. We find that EHD1 and EHD3 are indispensable for CV formation from DAVs and orchestrate other ciliogenesis events, whereas Rab8 functions downstream in CV extension. In addition, we show that the EHD interacting protein SNAP29, a SNARE membrane fusion protein, regulates CV assembly.
A role for EHD1 and EHD3 in CV formation EHD1−/− mice were reported to have ocular defects, which could be associated with defective photoreceptor cilia formation 35 , as we have observed in zebrafish. These mice also had higher rates of embryonic lethality, suggesting an essential role of EHD1. Unlike EHD1-null mice, EHD3-knockout mice had no discernible pathology 36 . Our studies in human cells and zebrafish suggest that EHD1 and EHD3 show functional overlap in cilium formation, probably owing to their ability to heterodimerize 37 . Importantly, EHD1 and EHD3 share the same binding partners through interaction through NPF motif-EH domain binding 21, 26, 38 . Our results are also consistent with previous studies showing that EHD proteins have tissue-specific and redundant roles 39 . Supplementary  Table 2 .
The connection between EHD1 and EHD3 and the Rab11-Rab8 cascade is supported by our findings that these proteins colocalize with both Rab proteins in ciliary-associated membrane compartments. Although our data do not exclude the possibility that endocytic recycling dysfunction might affect ciliogenesis indirectly, EHD1 co-localized with Rab11, Rabin8 and Smo on preciliary vesicles and DAVs, and with Rab8 on the growing ciliary membrane. EHD1 is presumably transported to the centrosome by means of preciliary vesicles, probably originating from the ERC (ref. 15 ), which subsequently associate with distal appendages and fuse to form the CV. In non-ciliating cells, a Rab11-ERC interaction at the M-centriole has been previously described 40 . EHD1 and EHD3 function in tubular membrane regulation of the ERC, although in HeLa cells EHD1 seems to function as a vesiculator of tubular recycling endosomes 24 . Our finding that GFP-EHD1 K483E fails to rescue ciliation and yet still localizes to DAVs suggests that tubulo-vesicular functioning of EHD proteins is important for CV formation. Thus we hypothesize that the EHD1-and EHD3-membrane remodelling function is responsible * P < 0.05, * * P < 0.001. Statistics source data for c-e and g can be found in Supplementary Table 2 .
for bringing DAV membranes into close proximity to promote SNAP29-dependent fusion during CV assembly. Our discovery that SNAP29 localizes to the ciliary pocket and functions in ciliogenesis in RPE cells is also interesting, as SNAP29 mutations are responsible for CEDNIK syndrome and SNAP29 knockout mice are embryonic lethal 41, 42 . CEDNIK patients do not seem to have classic ciliopathy, but this is something that cannot be ruled out at this time. In addition to SNAP29, other SNAREs would be expected to function in membrane fusion during the CV assembly stage. Given the observed importance of intracellular membrane assembly during ciliogenesis, investigation of SNARE protein function in CV assembly and ciliary progression merits further investigation.
Preciliary membrane reorganization and ciliogenesis initiation
Failure to dock membranes to the distal appendages prevents CP110 loss from the M-centriole needed for basal body formation and ciliogenesis progression 5, 6, 8, 11, 43 . Our work further clarifies the molecular mechanism of this critical ciliogenesis initiation step by demonstrating that M-centriole modifications are initiated following docking of DAVs to the M-centriole. To our knowledge, EHD1 and EHD3 are the first direct membrane-associated proteins whose function affects Mcentriole reorganization. How EHD1-dependent DAV assembly into the CV affects CP110 loss is not clear, but there are provocative possible mechanisms. CP110 loss from the M-centriole is associated with ubiquitylation 44 . One possibility is that preciliary membranes and/or EHD proteins recruit components of the ubiquitylation machinery to the M-centriole. Alternatively, changes in the membrane accompanying DAV to CV formation could help establish the basal body. The orchestration of DAV reorganization by EHD proteins is also a prerequisite step for TZ proteins and IFT20 recruitment, which is consistent with other reports showing that, without membrane association at the M-centriole, TZ and IFT components fail to accumulate 5, 6, 45, 46 . Likewise, Rab8 recruitment to the developing cilia seems to be different from that of IFT20 and TZ. Importantly, our work suggests that a mechanism may be present to control the timing of Rab8 localization to the CV. Could this be a checkpoint to ensure proper membrane association with the growing axoneme? Hence, only following IFT20 and TZ protein recruitment does coordinated axoneme and ciliary membrane growth occur (Fig. 8h ).
EHD1 membrane shaping and the ciliary pocket
A surprising finding was the localization of EHD1 and SNAP29 to the ciliary pocket membrane. The ciliary pocket is a site for TGFβ signalling 47 , and its proximity to the ciliary membrane suggests it is important for ciliary trafficking 28 . The ciliary pocket membrane resembles a tubular structure surrounding the proximal part of the cilium, which much like a vesicle or tubule has a positive curvature membrane facing the cytosol, a preferential site for EHD protein binding. In contrast, the intracellular face of the ciliary membrane has a negative curvature. Our work suggests that EHD1 and EHD3 are excluded from the ciliary membrane, possibly by the TZ established before CV reshaping and axoneme growth. We can speculate that TZ gating of EHD proteins is important for establishment of negative curvature after the CV stage to enable close association with the axoneme and the developing ciliary membrane. In mature cilia, EHD proteins could also be important for ciliary pocket maintenance. Finally, whether EHD1 and EHD3 are important for signalling associated with the ciliary pocket or the cilium remains an open question.
METHODS

Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper DOI: 10.1038/ncb3109
M E T H O D S
METHODS Antibodies and reagents. Commercial antibodies used were mouse anti-γ-tubulin (clone GTU-88, 1/5,000, Sigma), anti-Ac tub (clone 6-11B-1, 1/10,000, Sigma), anti-rhodopsin (clone 4D2, 1/100), anti-β-actin (clone AC-15, 1/30,000, Sigma), anti-β-tubulin (clone 2-28-33, 1/2,000, Sigma), anti-EHD3 (1/1,000, Abnova for immunofluorescence and 1/100, Abcam, 1/500, Proteintech for western blots), rabbit anti-PCNT (1/5,000, Novus Biologicals), anti-EHD2 (1/1,000, Abcam), anti-EHD4 (1/1,000, Abcam), anti-GFP (1/50, Abcam), anti-haemagglutinin horseradish peroxidase (1:1,000, Roche), anti-CEP290 (1/200, Bethyl), anti-RPGRIP1L (1/200, Proteintech), anti-IFT20 (1/200, Proteintech), anti-TMEM67 (1/200, Proteintech), anti-SNAP29 (1/1,000 for western blots, Proteintech, and 1/200 for immunofluorescence from A. Peden, Cambridge Institute for Medical Research, University of Cambridge) and goat anti-CEP164 (1/500, Santa Cruz). Rabbit anti-Rab11a (1/300) was a gift from J. Goldenring (Vanderbilt University Medical Center) and rabbit anti-CP110 (1/500) was a gift from M. Bettencourt-Dias (Instituto Gulbenkian de Ciência). Polyclonal rabbit anti-EHD1 (1/1,000) has been previously described 33 . Fluorescent secondary antibodies and phalloidin (1/50) were from Life Technologies (Molecular Probes). Nuclei were labelled with Hoechst (Molecular Probes).
Cell lines, plasmids and RNAi. EHD1 (MGC 8143828, Invitrogen) and EHD3
(RC214168, OriGene) complementary DNAs were purchased from Invitrogen. EHD4 (BC006287) was purchased from Open Biosystems. EHD1, 3 and 4 was PCR amplified and cloned into pDONR221 plasmid using BP Clonase (Invitrogen). pENTR-EHD2 (IOH13420) was purchased from Invitrogen. The siRNA resistant EHD1 and EHD1 K483E, W485A mutants were made using a QuikChange mutagenesis kit (Agilent Technologies). EHD1-4, ResEHD1 constructs and CP110 (BC036654, purchased from DNASU) cDNAs were cloned into pGLAP1 destination vectors 15 (LAP referring to GFP-TEV-Stag 49 ) using the Invitrogen Gateway cloning system. Mouse Snap29 (BC030066) constructs were purchased from DNASU and cloned into pGLAP1. EHD1-4 were also subcloned into pCS2+ vectors. EHD1, ResEHD1 and EHD1 mutants were Gateway cloned into pHUSH-LAP, a lentivirus expression vector 50 reengineered by PCR to have the gLAP1 vector CMV promoter, TetO 2 and LAP-tag upstream of the Gateway forward acceptor site for in-frame Tetinducible LAP-fusion construct expression.
GFP-Rab8a, tRPF-Rab8a and tRPF-Rabin8 constructs have been previously described 15 GFP-Rab8 and GFP-Rabin8 RPE cell lines have been previously described 15 . FuGENE 6 (Promega) was used for plasmid DNA transfections into cells. RPE-FRT cell lines stably expressing wild-type Smo, SmoM2 and B9D2 were made using the Flp-In system (Invitrogen). GFP-EHD1, ResGFP-EHD1, GFP-EHD1-K483E and GFP-EHD1-W485A RPE cell lines were made using the pHUSH-LAP lentivirus expression system. Lentiviral infections were carried out as described 53 . RPE cells infected with lentivirus were selected with 4 µg ml −1 of puromycin. siRNA duplexes were purchased from Dharmacon (Supplementary Table 1 ). Rab11a and Rab11b siRNA have been described 15 . Cells were transfected with siRNA duplexes (50 nM) using RNAiMAX (Invitrogen).
Immunofluorescence and time-lapse microscopy. For RPE and IMCD3 ciliation
quantification, cells were serum starved for 24 h, unless otherwise stated, fixed and processed for immunostaining and indirect immunofluorescence as described 15 . Briefly, cells were fixed in 4% paraformaldehyde for 10 min or cold methanol for 5 min and blocked with 1% BSA in PBS 0.1% Triton X-100 or BSA solution alone, respectively, for 10 min followed by incubation with primary antibody in blocking solution for 1 h at RT or overnight at 4 • C. Fluorophore-conjugated secondary antibodies were incubated for 1 h at RT. Preciliary membranes, cilia, TZ proteins, IFT20 and CP110 were imaged in more than six fields or as a montage of four to six images from two or more areas using a ×40 1.4 numerical aperture (NA) or ×63 1.3 NA objective, unless otherwise indicated. Imaging was carried out using a Zeiss Axio Scan. Z1 inverted epifluorescence microscope equipped with a CoolSNAP HQ2 camera. Images were analysed using the SlideBook software. Immunocytochemistry on cryosections of 3 dpf zebrafish retinae was carried out as previously described 54 . For whole-mount zebrafish cilium studies, embryos were fixed in Dent's fixative overnight at 4 • C and processed for immunostaining as described previously 55 . Briefly, immunostainings were carried out using blocking solution (PBS with 0.1% Triton X-100 and 5% goat serum) for 30 min at room temperature (RT) followed by overnight incubation in blocking solution with anti-acetylated α-tubulin antibody and phalloidin for whole-mounts or anti-Ehd1, anti-Ehd3 and anti-rhodopsin or anti-γ-tubulin 2 h at RT. Fluorophore-conjugated antibodies were incubated in blocking solution for 2 h at RT for whole-mounts and 30 min at RT for cryosections. Note that in our zebrafish ciliation assays morphants were selected for small eye defects, whereas embryos from rescue experiments were chosen randomly. Organs with absent or strongly reduced cilium numbers were counted, and these data were used to calculate the percentage of normal versus total number of organs observed. Imaging was carried out using a ×40 1.4 NA or ×63 1.6 NA oil objective and a Marianas SDC microscope (3I).
Time-lapse imaging of RFP and GFP fusions was carried out using the Marianas SDC. The environmental chamber containing the XYZ automatic stage (ASI) was set at 37 • C and 5% CO 2 . For SDC time-lapse experiments, image acquisition of z-stacks (10x00B5;m z-stack with 500 nm step size) was carried out every 5-20 min using an Evolve 512 electron multiplying charge coupled device camera and ×40 1.4 NA (325 nm/pixel) or ×63 1.3 NA (206 nm/pixel) oil objective and SlideBook software. For all zebrafish studies, image acquisition (35 µm z-stacks with 1 µm step size) was carried out using a ×40 1.4 NA or ×63 1.3 NA oil objective lens. Processing of images and fluorescence intensity measurements were carried out using either ImageJ or SlideBook software. GFP-Rabin8 vesicle centrosome localization was detected by time-lapse epifluorescence microscopy and analysed as described 15 using a HQ2 digital camera (Photometrics).
Structural illumination microscopy (SIM).
Cells were grown on no 1.5 cover glasses (Zeiss). After immunofluorescence processing, cover glasses were mounted onto glass slides with VECTASHIELD (Vector) and sealed with nail polish. Five phases and three rotations of 3D SIM images were captured using a Zeiss or Nikon N-SIM microscopes. Channels were aligned using parameters obtained from calibration measurements with 100 nm TetraSpeck beads. Zeiss SIM images were taken with a ×63 1.4 NA oil objective and a pco.edge sCMOS camera. Nikon N-SIM images were taken with an Apo total internal reflection fluorescence ×100/1.49 oil objective and an electron multiplying charge coupled device camera (Andor DU-897). The pixel size of both cameras is 16 µm. The raw data pixel size is 80 nm with the Zeiss SIM using a ×63 objective and 60 nm with the Nikon SIM using a ×100 objective. Raw images captured by the Nikon SIM microscope in Figs 1i,j, 4f, 7e and 8a,f are 14 bit and raw images captured by the Zeiss SIM microscope in Fig. 4c-e and Supplementary Fig. 1k ,l are 16 bit. Laser power and exposure time were optimized to use a large portion of the camera's dynamic range while minimizing bleaching. To avoid reconstruction artefacts we have done the following: during the sample preparation antibody dilutions, coverslip thickness and mounting media conditions were optimized to give the best signal to noise ratio; samples were checked by widefield or confocal microscopy before SIM imaging to check the integrity of the sample; SIM images were acquired using the largest possible portion of the dynamic range provided by the camera and images were reconstructed using the Zeiss Zen software and Nikon NIS-Elements software, with Wiener filter settings to reduce image noise. The estimated resolutions after reconstruction were the following: Zeiss channel 488, ∼110 nm lateral and 350-400 nm axial; Zeiss channel 561, ∼130 nm lateral and 350-400 nm axial; Zeiss channel 640, ∼200 nm lateral and 350-400 nm axial; Nikon channel 488, ∼130 nm lateral and ∼400 nm axial; Nikon channel 561, ∼140 nm lateral and ∼400 nm axial; Nikon channel 640, ∼160 nm lateral and ∼400 nm axial. Histograms of reconstructed images were adjusted in the Nikon NIS-Elements or Zeiss Zen software and tiffs cropped in ImageJ. Intensity profile plots were created in the NIS-Elements or the Zen software by drawing lines across the structure on the reconstructed images (non-histogram adjusted) and by exporting the values into Excel and GraphPad Prism 6 for Macintosh OS.
Transmission electron microscopy and histology. Electron microscopy processing in RPE cells and zebrafish embryos were carried out as previously described 54, 56 . Briefly, cells or zebrafish embryos were fixed in a solution of 2% glutaraldehyde with or without 4% paraformaldehyde in 0.1 M sodium cacodylate buffer followed by post-fixation with 1% osmium tetroxide and 1% uranyl acetate. After dehydration in graded ethanol, cells were embedded in EMbed 812 (Electron Microscopy Sciences) and 80 nm sections were cut using a Leica EM UC7 microtome. Electron micrographs were acquired using a transmission electron microscope (Hitachi 7650 TEM). For photoreceptor cilium counting from histological analysis, semi-thin sections (250 nm) cut from samples embedded for TEM analysis were stained with toluidine blue. Photoreceptor outer segments with intact inner segments were counted (>100). For immuno-EM, RPE cell lines expressing GFP-EHD1 were fixed with 4% paraformaldehyde and 0.25% glutaraldehyde in 0.1 M sodium cacodylate buffer. After dehydration in graded ethanol, cells were embedded in LR White resin. Ultrathin sections were immunostained with an anti-GFP antibody (1/100) for 2 h at RT in blocking solution (AURION blocking solution, Electron Microscopy Sciences) and a secondary antibody conjugated with 10 nm gold particles for 1 h RT. For CLEM, cells were plated on gridded-glass bottom dishes (MatTek). Fluorescence and DIC images of fixed cells were taken with a Zeiss fluorescence microscope. The position of cells was recorded using grid numbers on cover glasses. After imaging, cells were promoter] or no additional NDC80 construct (T7428), inserted at his3 locus, were treated with α factor at 25°C in methionine-dropout medium with raffinose, galactose and 2% CuSO 4 . After 3 h, cells were released to YPA medium with raffinose, galactose (to inactivate P GAL -CEN3) and methionine (to deplete Cdc20) at 35°C (to degrade Ndc80-td). After 20 min, cells were transferred to synthetic complete medium with glucose (to re-activate P GAL -CEN3) and methionine, and images were acquired every 5 min (start of image acquisition; 0 min) at 35°C. In the ndc80-CH-K6A mutant, six lysines were replaced with alanines within the calponin-homology domain.
Representative images of T10069 and T7427 cells at 20 min (left) and the percentage of cells (n= 20-30 cells were analyse at each time point) with CEN3 that is unattached to MTs (right). The above result and Fig 2 suggest the Ndc80 calponin-homology domain, but not the Dam1 C-terminus or the Ndc80 N-tail, is required for the initial lateral KT-MT attachment. Note that the KT on CEN3 before being caught on the lateral surface of a spindle MT (a MT extending from a spindle pole) often generates short MTs that are thought to facilitate a subsequent KT encounter with a spindle MT 57 ; such short KT-derived MTs were found similarly in the wild-type control, Dam1ΔCclv, Ndc80ΔN and double deletion (our unpublished result). Once CEN3 is loaded on the lattice of a spindle MT, CEN3 showed sliding along this MT towards a spindle pole 3 ; this sliding was also found similarly in wildtype control and the deletion mutants (our unpublished result). 
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Supplementary Figure 4 Phospho-mimicking mutants of the Fig 2c-f ). Note that, in these cells, we did not observe any CEN3 detachment from a MT or from the spindle after CEN3 was caught on the MT or on the spindle. n= 21 cells were analysed in each strain. Data represent one out of two independent experiments. 
For Figure 1c
